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Single-stranded binding proteins (SSBs) are found to participate in various processes of DNA metabolism in all known organisms. We describe
here a SSB protein encoded by the Lactococcus lactis phage bIL67 orf14 gene. It is the first noted attempt at characterizing a SSB protein from a
lactococcal phage. The purified Orf14bIL67 binds unspecifically to ssDNA with the same high affinity as the canonical Bacillus subtilis SSB.
Electrophoretic mobility-shift assays performed with mutagenized Orf14bIL67 protein derivatives suggest that ssDNA-binding occurs via a putative
OB-fold structure predicted by three-dimensional modeling. The native Orf14bIL67 forms homotetramers as determined by gel filtration studies.
These results allow distinguishing the first lactococcal phage protein with single-strand binding affinity, which defines a novel cluster of phage
SSBs proteins. The possible role of Orf14bIL67 in phage multiplication cycle is also discussed.
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Single-stranded DNA-binding proteins (SSBs) play essential
roles in DNA metabolism. Their basic function is to coat and
protect single-stranded DNA (ssDNA) intermediates that form
duringDNA replication, repair, recombination and transcription.
Moreover, by eliminating secondary structures in ssDNA, SSBs
facilitate pairing of homologous strands. Additionally, they are
known to specifically recruit and coordinate the activity of some
key proteins of DNAmetabolism. SSBs, first identified in phage
T4, are commonly found in Bacteria, Archea, Eukaryotes and
viruses (Alberts and Frey, 1970; Chédin et al., 1998; Lohman
and Ferrari, 1994; Wold, 1997). SSBs originating from different
organisms lack strong homology at the amino acid level, but are
typified by a conserved structure determinant, the oligonucleo-
tide/oligosaccharide binding (OB) fold, shown to be involved in
binding to nucleic acids (Bochkarev and Bochkareva, 2004;
Murzin, 1993; Suck, 1997; Theobald et al., 2003).⁎ Corresponding author. Fax: +33 1 34 65 25 21.
E-mail address: Marie-Christine.Chopin@jouy.inra.fr (M.-C. Chopin).
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doi:10.1016/j.virol.2007.01.023In addition to the OB-fold, SSBs are defined by their
multimerization state, which constitutes the active protein form.
In Eukaryotes the best characterized SSB protein is the human
replication protein A (RPA), formed by three distinct subunits
that provide a total of six OB-folds, four of which participate in
DNA binding (Bochkarev et al., 1997; Brill and Bastin-
Shanower, 1998; Wold, 1997; Wold and Kelly, 1988). In the
eubacterial branch of Prokaryotes SSBs are encoded by single
genes which are highly homologous, and are exemplified by the
Escherichia coli SSB (SSBEC) (Lohman and Ferrari, 1994;
Raghunathan et al., 2000). They function as homotetramers, in
which one OB-fold is provided by one monomer (Raghunathan
et al., 2000; Sancar et al., 1981). In Archea, a single type of SSB
with only one OB-fold has been described for Crenarcheota
(Haseltine and Kowalczykowski, 2002; Wadsworth and White,
2001). In contrast, SSBs from Euryarchea, the other cultivable
archeal phyla, are more diverse with one or several OB-folds
(Robbins et al., 2005).
Sequence analysis of phage-encoded SSBs implies only
one OB-fold per monomer. Yet, the active forms of these
proteins can vary. Some have been determined to exist as
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gp2.5, Hollis et al., 2001; phage Pf3 SSB; Folmer et al., 1994)
or hexamers (SSB of phage GA-1; Gascón et al., 2000) while
for others the multimeric state has not yet been determined.
Several phage SSBs have been identified based on their amino
acid sequence similarity with SSBEC. Other phage SSBs,
which lack homology to SSBEC, have been identified based on
their activity. Among them, four have been shown to be
essential for phage DNA replication. The phage T4 gp32
protein removes secondary structures from ssDNA in front of
advancing replication forks and protects ssDNA from nuclease
action. The protein also stimulates the rate of DNA synthesis
by ssDNA stabilization and physical contacts with other
proteins of the replication complex (Barry and Alberts, 1994).
The T7-encoded gp2.5 protein plays a similar two-fold role
and specifically coordinates the leading and lagging strand
DNA synthesis at the replication forks (He and Richardson,
2004; Lee et al., 1998, 2002). In addition, both, T4 gp32 and
T7 gp2.5 proteins play key roles in DNA recombination and
repair (Kong and Richardson, 1996; Kong et al., 1997; Mosig,
1985). The φ29 protein p5 demonstrates a destabilizing
activity during replication of the phage linear dsDNA that
starts at either DNA end by a protein priming mechanism
(Salas, 1991). The GN5 protein from Ff filamentous phages
mediates a switch from dsDNA synthesis to the production of
ssDNA by forming a tight complex with the ssDNA-tail of the
rolling circle intermediate (reviewed in Russel, 1995). The
fifth phage SSB that lacks homology to SSBEC is the N4-
encoded P17 protein shown to stimulate transcription. This
protein forms a complex with the phage RNA polymerase
which is inactive on double-stranded DNA promoter tem-
plates, but interacts with single-strand DNA (Carter et al.,
2003). In addition, crystal structures of three of these proteins,
namely T4 gp32, T7 gp2.5 and filamentous phage GN5,
revealed the general topological and functional characteristics
of an OB-fold domain (Hollis et al., 2001; Murzin, 1993;
Shamoo et al., 1995; Skinner et al., 1994). Overall, a number
of phage proteins have been identified by homology with
these five SSBs constituting each a distinct cluster of
homology (Leplae et al., 2004; http://www.aclame.ulb.ac.be).Fig. 1. Sequence alignments of SSBs from the two main groups of virulent lactococc
and bIL67 are from the c2 group. Putative OB-fold is indicated by a dotted line. Am
asterisks (∗). Sequences of bIL66M1, bIL170, sk1, c2 and bIL67 (protein_id: AAP03
were obtained from GenBank and aligned using ClustalW (Combet et al., 2000).Yet, still, with the explosive increase of phage genomes
sequenced, many SSBs are to be identified.
In this work, we characterize a novel phage SSB protein
encoded by the Lactococcus lactis lambdoid phage bIL67.
Orf14bIL67 shares no significant homology with any known
SSBs. The protein is shown to bind to single-stranded nucleic
acids, most likely as a tetramer. Coupled three-dimensional
modeling and in vitro analysis of purified mutant proteins with
single amino acid substitutions indicate that the DNA-binding
domain lies in a putative OB-fold. Homologous gene products
have been identified in the genomes of other lactococcal phages.
Comparative sequence analysis reveals a pattern that allows
defining a new cluster of SSBs in phages. Possible specialized
function in recombination of the Orf14bIL67 protein, which is
encoded just downstream of an erf-like gene, is discussed.
Results
Protein homology and three-dimensional modeling of L. lactis
phage bIL67 Orf14
The Orf14bIL67 protein shares 32–84% of amino acid
sequence identity with proteins encoded by several L. lactis
phages: bIL66M1 (E13), sk1 (Orf34), bIL170 (E13), c2 (E16)
(Fig. 1). Open reading frames corresponding to these proteins
are localized immediately downstream of sequences encoding
for putative recombination proteins of single-strand annealing
activity (Bouchard and Moineau, 2004). Such proximity
suggested these proteins, including Orf14bIL67, are implicated
in DNA metabolism, possibly in binding to ssDNA. Despite the
lack of evident homology to single-stranded DNA-binding
(SSB) proteins present in databases, the primary sequence of
Orf14bIL67 displays some characteristics generally observed for
SSB proteins: notably, a C-terminal region rich in hydrophilic
non-charged amino acids and proline residues (Fig. 1). In
addition, phenylalanine was identified as the C-terminal amino
acid which is a feature also frequently encountered among SSBs
(He et al., 2003).
To confirm that Orf14bIL67 is a protein with single-strand
binding activity its sequence was analyzed at the structural levelal phages. Phages bIL66M1, bIL170 and sk1 are from the 936 group. Phages c2
ino acid residues of Orf14bIL67 that were exchanged to alanine are indicated by
154.1, AAC27225.1, AAB70074.1, AAA92164.1, AAA74351.1, respectively)
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effort was directed at the identification of the OB-fold—a
characteristic and well-conserved domain, constituting the
binding face of many proteins of various functions, including
those with DNA-binding activity (Bochkarev and Bochkareva,
2004; Murzin, 1993; Suck, 1997; Theobald et al., 2003). A
structural model of the protein was created in silico by applying
fold recognition methods. OB-folds of several DNA-binding
proteins were identified as probable templates of the studied
sequence: Sulfolobus solfataricus SSB (Kerr et al., 2003),
major SSB domain of human replication protein A (RPA)
(Bochkareva et al., 2001) and telomere end binding protein of
Oxytricha nova (Horvath et al., 1998). According to the
DALI server the three proteins are also structural homologues in
regards to each other (Holm and Sander, 1996). By aligning the
sequence of Orf14bIL67 with the SSB templates a three-
dimensional model of the protein was obtained (Fig. 2).
Position of the orf14 gene on the bIL67 genome, together
with the structural homology to OB-folds of well-characterized
SSBs, suggested engagement of Orf14bIL67 in ssDNA binding.
To determine if indeed orf14bIL67 gene product is a functional
SSB protein, it was heterologously overproduced in E. coli,
purified and subjected to characterization.
Overproduction and purification of Orf14bIL67
The orf14bIL67 gene product was expressed in E. coli from
the pTYB1 vector as a C-terminal fusion with the intein-CBD
tag. After removing the tag by cleavage the protein was purified
by classical chromatography procedures (see Materials and
methods). SDS-PAGE analysis of the purified protein revealed a
major protein band with a molecular weight of approximately
16 kDa, in relative agreement with the molecular weight
calculated from the amino acid sequence (13.7 kDa) (data notFig. 2. Ribbon diagram of the Orf14bIL67 monomer model. Residues V17, D51,
K65 and Y70 are indicated as sticks.shown). Purity of the protein was estimated to be greater than
90%.
Orf14bIL67 multimerizes in solution
Proteins from the SSB family exhibit different multimeriza-
tion states. To establish the native state of Orf14bIL67 analytical
gel filtration was employed. The consequent elution profile
revealed that in solution Orf14bIL67 is present in one dominant
species characterized by a fractional retention corresponding to
a protein of approximately 67 kDa (Fig. 3A). This correlates
with the size of four Orf14bIL67 monomers and implies
multimerization of the protein into, most likely, a tetrameric
form.
Orf14bIL67 binds to ssDNA
To determine whether Orf14bIL67 displays affinity for
ssDNA, electrophoretic mobility-shift assays were performed
using a radioactively labeled single-stranded 80-mer oligonu-
cleotide of random sequence. Incubation of a fixed amount of
ssDNA substrate with increasing protein concentrations (5–
100 nM) gave rise to bands of reduced mobility, indicative of
Orf14bIL67–ssDNA interaction (Fig. 4, lane 5–8). Overall two
discrete types of nucleoprotein complexes differing in migra-
tion rates were observed. Their formation was determined to
occur in a protein concentration-reliant manner. First shifted
band was noted in the presence of low amounts of the protein.
At higher protein concentrations a second band of lower
mobility was detected, which practically entirely replaced
“shifted band 1”. Given the fact that in gel filtration studies
Orf14bIL67 appeared as a homotetramer, it is conceivable that
“shifted band 1” corresponds to one tetramer and “shifted band
2” to two tetramers bound to the DNA strand. A protein
concentration of 25 nM was required to completely shift the
ssDNA probe while 5 nM of Bacillus subtilis SSB protein
(SSBBS) was sufficient to produce the same result (Fig. 4, lane
1–4). The fact that the ssDNA–SSBBS complex of faster
mobility was still present at high protein concentrations could
be explained by its instability under the conditions of the assay.
Moreover, the Orf14bIL67–ssDNA interaction was abolished by
incubation with SDS and proteinase K (see Materials and
methods) which led to a complete release of the oligonucleotide
(Fig. 4, lane 9). This result inferred that there is no modification
of the substrate upon interaction with the protein. In further
assays, Orf14bIL67 was determined to bind with a comparable
affinity to another 80-mer ssDNA substrate consisting of poly-
dTs, displaying a similar binding pattern (data not shown).
Apparent dissociation constant (Kd, nM)) values based on three
independent gel-shift experiments using the poly-dTs substrate,
were 3±1 nM for Orf14bIL67 and 2± 1 nM for SSBBS. This
implied that Orf14bIL67 binds to ssDNA in a sequence non-
specific manner and with a relative affinity for ssDNA similar
to that of the canonical SSBBS (Bruand et al., 2005).
Additionally, an 80-mer ssRNA substrate was shifted in the
presence of Orf14bIL67 while dsDNA of the same length was
not (data not shown).
Fig. 4. Electrophoretic mobility-shift analysis of B. subtilis SSB (lanes 1–4) and
Orf14bIL67 (lanes 5–8) binding to ssDNA. Increasing concentrations of the
proteins (5–100 nM) were added to a fixed amount of an M13-derived 80-mer
oligonucleotide (0.5 nM). Two distinct nucleoprotein bands of reduced mobility
(shifted band 1 and 2) are indicated respectively. The arrow indicates the
position of free ssDNA. Lane 9: Orf14bIL67–ssDNA complex was treated with
SDS and proteinase K prior to loading on the native polyacrylamide gel (5%).
Fig. 3. Gel filtration chromatography of Orf14bIL67 and Orf14bIL67/D51 proteins.
Representative elution profile for purified Orf14bIL67 (A) and Orf14bIL67/D51
(B) proteins relative to molecular weight standards, catalase (232 kDa),
ovalbumin (43 kDa), chymotrypsinogen (25 kDa) and ribonuclease A
(13.7 kDa) indicated by arrows. SDS-PAGE of corresponding protein fractions
is presented below the elution curves. (A) Lanes 2–6 contain: 3.6, 4.3, 3.9, 3.4,
0.8, 0.6 μg of Orf14bIL67 protein, respectively; for (B) lanes 2–6 contain: 0.4,
1.6, 1.9, 1.1, 0.7 μg of Orf14bIL67/D51 protein, respectively.
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OB-fold
3-D modeling of Orf14bIL67 suggested the presence of a
putative OB-fold structure. To determine whether this domain
participates in DNA binding, site-directed mutagenesis of Orf14-
bIL67 was performed. On the basis of the structural model, amino
acid residues, V17, K65 and Y70, localized inside the groove of
the putative OB-fold, were expected to contact DNA, while
residue D51, positioned in the backside of the fold, was not (Fig.
2). To check the contribution of these amino acids to DNA
binding, they were exchanged to alanine—individually (V17A,
D51A, Y70A) and by two (V17A–K65A). Overproduction andpurification of the mutant protein forms was done like for the wild
Orf14bIL67. Analytical gel filtration revealed that all proteins,
except that with a replaced D51 residue, appear in solution as
unique and identical 67 kDa species, similarly as the wild protein
under the same conditions (data not shown). The native
Orf14bIL67/D51A was represented by two protein species,
consistent with the size of a tetramer (67 kDa) and a destabilized
complex of lower molecular weight (48 kDa) (Fig. 3B).
Electrophoretic mobility-shift assays were performed with
each of the mutant protein forms obtained after chromatography
on an anion exchange column (Fig. 5). The Y70A substitution
greatly reduced Orf14bIL67–ssDNA binding as even at a high
protein concentration (500 nM) only a partial shift of the ssDNA
probe was noted (Fig. 5A). Mutation V17A slightly decreased
the affinity of Orf14bIL67 for ssDNA and resulted in formation of
two unstable nucleoprotein complexes (Fig. 5B), while V17A–
K65A double mutation severely impaired the DNA-binding
activity (Fig. 5C). Overall, V17, K65 and Y70 residues were
determined to contribute to the binding affinity of Orf14bIL67 to
ssDNA. Whilst wild type and all other protein mutants gave a
single peak following elution from an anion exchange column,
Orf14bIL67/D51A formed three peaks (one major and twominor)
(data not shown). Further analysis on SDS-PAGE revealed that
the three mutant fractions contained a protein of a same size (data
not shown). The major mutant fraction (Orf14bIL67/D51A-1),
analyzed by electrophoretic mobility-shift assays, exhibited the
same affinity for ssDNA as the wild protein (Fig. 5D). In
contrast, proteins from the two minor fractions (Orf14bIL67/
D51A-2 and Orf14bIL67/D51A-3) had a weaker or greatly
reduced ssDNA-binding activity (data not shown). Altogether,
these results suggest that replacement of D51 probably affects
protein structure or stability. They are supported by data
obtained in the gel filtration experiment (Fig. 3B).
Discussion
This work presents the results of our studies on a novel phage
SSB protein encoded by the L. lactis phage bIL67. The purified
Fig. 5. Electrophoretic mobility-shift analysis of Orf14bIL67 and mutant derivatives with an M13-derived 80-mer oligonucleotide (0.5 nM) (performed as explicated in
Fig. 4). (A) ssDNA interaction with Orf14bIL67/Y70A (lanes 1–5) and with Orf14bIL67 (lanes 6–10). (B) ssDNA interaction with Orf14bIL67/V17A (lanes 1–5) and
with Orf14bIL67 (lanes 6–9). (C) ssDNA interaction with Orf14bIL67/V17A–K65A (lanes 1–5) and with Orf14bIL67 (lanes 6–9). (D) ssDNA interaction Orf14bIL67/
D51A-1 (lanes 1–3), and with Orf14bIL67 (lanes 4–6). Asterisks mark nucleoprotein complexes (∗). Arrows indicate the position of free ssDNA.
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of the protein determined that a structural domain resembling an
OB-fold contributes to ssDNA binding.
Bacteriophage bIL67 is a virulent, prolate-headed phage of
the c2 group, active on many L. lactis strains. Its dsDNA
genome is 22,195 bp long with cohesive ends and displays
lambdoid organization (Schouler et al., 1994). Orf14bIL67 is
expressed early during phage infection. Despite the lack of
primary sequence homology to known SSBs, three-dimensional
modeling in silico showed that Orf14bIL67 adapts an OB-fold-
like structure. Our studies demonstrate that the protein binds
unspecifically and with high affinity to ssDNA. Gel filtration
studies revealed that the native state of Orf14bIL67 consists of a
complex containing 4 monomers. Electrophoretic mobility-shift
assays performed with Orf14bIL67 mutant derivatives indicate
that residues localized within the groove of the putative OB-fold
are implicated in the protein–ssDNA interaction, similarly as
determined for structure-characterized SSBs so far (Theobald et
al., 2003). The putative OB-fold extends over two-thirds of the
Orf14bIL67 sequence starting from the N-terminus. The C-
termini of SSBs are also known to contribute to the ssDNA-
binding activity. The C-terminal domain of bacteriophage T7
SSB (gp2.5) protein has been shown to regulate the interaction
of the protein with ssDNA. The terminal phenylalanine (F) was
particularly responsible for the affinity to ssDNA (He et al.,
2003). This residue is also conserved in the SSBs of E. coli aswell as of T3 and YeO3-12 phages (He et al., 2003). Notably, a
phenylalanine is also present as the C-terminal amino acid of the
Orf14bIL67 protein. Its mutation in Orf14bIL67 could provide
further interesting data on the residues involved in ssDNA-
binding.
Recognition of Orf14bIL67 homologues among phage-
encoded putative SSBs permitted defining a new cluster of
the SSB protein family, which we termed the Orf14bIL67 SSB
cluster. This group is constituted by five proteins, including
Orf14bIL67, encoded by representatives of the two main groups
of virulent lactococcal phages: the c2 (phages bIL67 and c2)
and 936 (phages bIL66M1, bIL170, sk1) groups. SSBs
classified to this cluster demonstrate homology in the putative
OB-fold domain, including conservation of amino acids
involved in ssDNA binding (this study), and display two
consensus sequences—of five (DLFGG) and three terminal
residues (LPF) in their C-terminal parts. Putative phage SSBs
were previously identified in several temperate/lytic lactococ-
cal phages from the P335 group. Notably, this group of phage
SSBs exhibits homology to bacterial single-strand binding
proteins and does not seem to share any significant homology
with the Orf14bIL67 SSBs cluster, except in the C-terminal LPF
residues.
Preliminary experiments suggest that growth of an E. coli
ssb-1 mutant strain at a non-permissive temperature was
partially improved by expression of Orf14bIL67. If confirmed,
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ssDNA in E. coli cells.
Depending on the phage, species-specific SSB proteins can
be requisite (phages T4, T7, φ29; Kim and Richardson, 1993;
Meijer et al., 2001; Miller et al., 2003) or not (phages P1, SPP1;
Lehnherr et al., 1999; Weise et al., 1994) for DNA replication. It
appears that phage-encoded SSBs are essential for phages that
carry a complete set of replication proteins. In these cases, SSBs
are tightly coupled with their cognate phage replication proteins
and cannot be replaced by their host counterparts with which
they share no homology. In contrast, phages P1 (Hay and
Cohen, 1983) and SPP1 (Ayora et al., 1998; Missich et al.,
1997), which do not specify a complete set of replication
proteins, encode SSBs that are highly homologous and
exchangeable (in DNA replication) with the host SSB.
In lactococcal c2-type phages only one gene encoding a
putative DNA replication protein has been identified so far
(Lubbers et al., 1995; Schouler et al., 1994). Moreover, no
phage c2 protein is strictly required for DNA replication since
the phage c2 ori region together with a small RNA molecule it
encodes are sufficient to support plasmid replication in L. lactis
(Callanan et al., 2001; Schiemann et al., 2004; Waterfield et al.,
1996). Therefore, c2-type phages probably do not rely at all on
their own SSBs for DNA replication. However, the maintenance
of a SSB protein, sharing no homology with its host counterpart,
must be linked with some selective advantage for the phage. We
postulate that the orf14bIL67-encoded SSB prototype could be
involved particularly in phage-promoted DNA recombination.
This assumption is supported by the localization of orf14bIL67
just downstream of a gene that encodes a homologue of the
phage P22 Erf recombination protein (Schouler et al., 1994). A
1.2 kb region of phage bIL67 genome, comprising the erf-like
and orf14bIL67 genes, has been shown to confer recombination
and inhibition of host exonuclease activities (A. Szczepañska et
al., personal communication). These activities are evocative of
the Red-mediated λ recombination mechanism which effi-
ciently increases the amount of packageable DNA in the cell
(Kuzminov, 1999).
In conclusion, our studies lead to the designation of a distinct
novel family of SSB proteins encoded by several virulent
lactococcal phages. We postulate that the role of phage SSBs
from this newly-defined cluster might be rather in phage-
mediated recombination and not in DNA replication. Further
studies on phage recombination functions will allow elaborating
on this hypothesis and are expected to shed light on the features
of SSB proteins that make them suitable for a particular role in
DNA metabolism.
Materials and methods
Bacterial strains, phages, and media
L. lactis subsp. lactis IL1403 (Chopin et al., 1984) was
grown at 30 °C on M17 medium (Terzaghi and Sandine, 1975)
supplemented with 0.5% glucose. E. coli TG1 [supE Δ(hsdM-
mcrB)(rk
−mk
−)thi Δ(lac-proAB), F′ (traD36 lacIq lacZ ΔM15
proA+B+)] (Gibson, 1984), JM101 [F4 rec+] (Sambrook et al.,1989), BL21 (DE3) [F′ ompT hsdSb(rb
−mb
−) gal dcm] (Studier
and Moffatt, 1986) and derivative strains were grown at 37 °C
on Luria–Bertani (LB) medium. When necessary, ampicillin
(100 μg/ml), IPTG (1 mM) and/or X-gal (50 μg/ml) were added
to the medium. L. lactis phage bIL67 from our laboratory
collection (Schouler et al., 1994) was enumerated on IL1403 as
described elsewhere (Terzaghi and Sandine, 1975).
3-D modeling of Orf14
Protein templates for the putative orf14bIL67 gene product
were identified using fold recognition methods. The Orf14
amino acid sequence was analyzed by the Structure Prediction
Meta Server (Ginalski et al., 2003). The hypothetical protein
model was made by aligning the amino acid sequence of the
orf14bIL67 gene product with sequences of other proteins
obtained from the 3-D PSSM web server (Fischer et al., 1999;
Kelley et al., 2000). The model has been built using
HOMOLOGY module InsightII packet ver. 2000.1.
Molecular manipulations and DNA sequencing
Standard DNA manipulations, cloning procedures and trans-
formation of E. coli cells were performed as described previously
(Sambrook et al., 1989). Digestions with restriction enzymes
(New England Biolabs) were done according to instructions
supplied by the manufacturer. DNA sequencing was done by a
cycle extension reaction, using specific primers, Taq polymerase
and fluorescent dye coupled dideoxynucleotides (Applied
Biosystems) on a 370A DNA sequencer (Applied Biosystems).
Sequences were analyzed by GCG software (Devereux et al.,
1984) and BLAST program (Altschul et al., 1990).
PCR amplification and cloning of the orf14bIL67 gene
The orf14bIL67 gene was amplified by PCR from the bIL67
lysate using primers 5′-GGTGGTCATATGAAAATTATTG-3′,
and 5′-GGTGGTTGCTCTTCCGCAGAATGGTAATTG-3′.
The resulting PCR product was digested with NdeI and SapI
(New England Biolabs) and ligated into the pTYB1 vector
(New England Biolabs) cut with the same pair of enzymes.
Ligated molecules were transformed into the E. coli TG1 strain.
Transformants were selected on LB solid medium with
ampicillin and analyzed by “colony PCR” using pTYB1-
specific primers: (5′-TAATACGACTCACTATAGG-3′, 5′-
ACCCATGACCTTATTACCAACCTC-3′). The generated
PCR products of expected size were subsequently sequenced.
The recombinant pTYB1: orf14bIL67 plasmid was then
transferred upon electroporation into the E. coli BL21 (DE3)
expression strain.
Overproduction and purification of Orf14bIL67 wild and mutant
proteins
Orf14bIL67 wild and mutant proteins were overproduced
from the pTYB1 vector as a C-terminal fusion with the intein-
CBD tag and purified using the IMPACT-CN purification
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supplier. E. coli BL21 strain harboring the pTYB1 vector with
the wild-type or respectively mutated orf14bIL67 gene was
grown overnight at 30 °C with shaking in 1 l LB broth
supplemented with ampicillin to an OD600 of 1. Synthesis of
Orf14bIL67 was induced by adding isopropyl-1-thio-β-D-galac-
topyranosidase (IPTG) to a final concentration of 1 mM after
which the culture was further incubated for 8 h at 23 °C with
shaking. Cells were collected by centrifugation, resuspended in
40 ml of column buffer (20 mM Tris–HCl, 500 mM NaCl, pH
8) and disrupted by sonication (Bioblock Vibracell 72408).
Insoluble material was removed by centrifugation (15,000×g,
30 min, 4 °C) and the supernatant applied onto a column
stacked with 10 ml of chitin beads (New England Biolabs),
equilibrated earlier with 100 ml of column buffer. The clarified
sonicate was incubated with the resin for 4 h after which the
column was washed with 200 ml of column buffer. The protein
was cleaved from the intein tag and eluted from the column
during an overnight incubation of the resin with the cleavage
buffer (20 mM Tris–HCl, 500 mM NaCl, 50 mM DTT, pH 8).
Protein fractions were analyzed by Coomassie staining of SDS-
PAGE gels (15%), which revealed a protein of approximately
90% of homogeneity. Peak fractions were pooled and
concentrated by precipitation with 30% ammonium sulfate.
The pellet was suspended in protein suspension buffer (50 mM
Tris–HCl, 100 mM NaCl, 1 mM DTT, pH 8) and desalted on a
PD10 column (General Electric Healthcare), equilibrated with
the same buffer. The purified protein was stored at −20 °C in
50% glycerol and subsequently analyzed by gel filtration
chromatography. Identity of the protein was confirmed by mass
spectrometry (MALDI-TOF) proceeding trypsinolysis.
Prior to electrophoretic mobility-shift assays the protein was
further purified and concentrated in FPLC by diluting the
protein stock (1:3) in protein suspension buffer and injecting it
onto a HiTrap Q anion exchange column (General Electric
Healthcare). Recovered fractions (0.5 ml) were analyzed by
SDS-PAGE. Protein samples were once more passed through a
PD10 column equilibrated with the protein suspension buffer,
stored at −20 °C in 50% glycerol (v/v) and subsequently used in
nucleic acid binding experiments.
Gel filtration chromatography of Orf14bIL67 wild and mutant
proteins
The native state of the wild and mutant Orf14bIL67 proteins in
solution was assayed individually by gel filtration chromato-
graphy using the Superdex 200 HR 10/30 column (Amersham
Pharmacia Biotech). Desalted samples containing 6.56 nmol of
protein in a total volume of 500 μl of suspension buffer were
incubated at 30 °C for 15 min, centrifuged (10 min, 18,000×g)
and subsequently injected onto the column, equilibrated earlier
with the same buffer. Chromatography was performed at 4 °C,
at a flow rate of 0.4 ml/min. Fractions of 0.5 ml were collected,
precipitated with acetone and analyzed by SDS-PAGE. The
column was initially calibrated using the following standards of
known masses and Stokes radii: thyroglobin (669 kDa), ferritin
(440 kDa, 61 Å), catalase (232 kDa, 52.2 Å), aldolase (158 kDa,48.1 Å), albumin (67 kDa, 35.5 Å), ovalbumin (43 kDa,
30.5 Å), chymotrypsinogen A (25 kDa, 20.9 Å), ribonuclease A
(13.7 kDa, 16.4 Å).
Site-directed mutagenesis of Orf14bIL67
Orf14bIL67 mutants were generated using the Quick Change
II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
according to the supplier's protocol. The selected amino acid
residues were all exchanged to alanine (A). The pTYB1:
orf14bIL67 construct served as a template for creating single
amino acid mutant proteins at the following positions: valine
(V) 17, aspartic acid (D) 51, lysine (K) 65 and tyrosine (Y) 70,
while the Orf14bIL67/V17A–K65A double mutant was made on
the pTYB1: orf14bIL67/V17A template. Mutations were con-
firmed by DNA sequencing.
Electrophoretic mobility-shift assays (EMSA)
The DNA-binding activity of the proteins was assessed by
electrophoretic mobility shift-assays on an 80-mer oligonucleo-
tide (Genosys, Sigma): 5′-TTTGTCGGTACTTTATATTCTCT-
TATTACTGGCTCGAAAATGCCT CTGCCTAAATTA-
CATGTTGGCGTTGTTAAATATGGGGG-3′ (random φM13-
derived sequence). The 5′ end of the substrate was labeled with
32P-γdATP (3000 Ci/mmol) by T4 kinase (NEB). The binding
reactions (20 μl) were performed in binding buffer (20mMTris–
HCl, 25 mM KCl, 1 mM EDTA, 1 mM DTT, 2.5% glycerol,
0.3 mg/ml BSA, pH 7.5) by mixing a fixed amount (0.5 nM) of
the radioactively labeled oligonucleotide with increasing
concentrations of the proteins (up to 1 μM). The samples were
incubated for 10 min at 30 °C and analyzed in a non-denaturing
5% polyacrylamide gel run for 2 h at 200 V in 0.25× TBE buffer
at 4 °C. Where indicated, after the standard incubation the
binding mix was treated with 0.6% SDS (v/v) and 300 μg/ml
proteinase K for 15 min at 37 °C before loading onto the gel.
Gels were dried under vacuum and radioactivity of the samples
was determined by autoradiography with a PhosphoImager.
Other assays were performed in the same conditions using either
1 nM of dsDNA or ssRNA of the same sequence as the M13-
derived oligonucleotide or 0.5 nM of an 80-mer poly-dTs
oligonucleotide.
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